ABSTRACT 8-Oxo-7,8,-dihydro-2 -deoxyguanosine triphosphate (8-oxo-dGTP) is a major product of oxidative damage in the nucleotide pool. It is capable of mispairing with adenosine (dA), resulting in futile, mutagenic cycles of base excision repair. Therefore, it is critical that DNA polymerases discriminate against 8-oxo-dGTP at the insertion step. Because of its roles in oxidative DNA damage repair and non-homologous end joining, DNA polymerase lambda (Pol ) may frequently encounter 8-oxo-dGTP. Here, we have studied the mechanisms of 8-oxo-dGMP incorporation and discrimination by Pol . We have solved high resolution crystal structures showing how Pol accommodates 8-oxo-dGTP in its active site. The structures indicate that when mispaired with dA, the oxidized nucleotide assumes the mutagenic syn-conformation, and is stabilized by multiple interactions. Steady-state kinetics reveal that two residues lining the dNTP binding pocket, Ala 510 and Asn 513 , play differential roles in dNTP selectivity. Specifically, Ala 510 and Asn 513 facilitate incorporation of 8-oxo-dGMP opposite dA and dC, respectively. These residues also modulate the balance between purine and pyrimidine incorporation. Our results shed light on the mechanisms controlling 8-oxo-dGMP incorporation in Pol and on the importance of interactions with the incoming dNTP to determine selectivity in family X DNA polymerases.
INTRODUCTION
DNA is vulnerable to damage by reactive oxygen species (ROS). Of the four nucleobases, guanine is the most susceptible to oxidative damage owing to its low redox potential (1) . Moreover, guanine oxidation products have a high mutagenic potential (2-6). 8-oxo-7,8-dihydro-2 -deoxyguanosine (8-oxo-dG) is a major oxidative product present in cells and can arise in either DNA or the free nucleotide pool (7) . Accordingly, oxidation of dGTP results in the formation of 8-oxo-7,8,-dihydro-2 -deoxyguanosine triphosphate . Experimental measurements indicate that 8-oxo-dGTP may account for up to 10% of the total dGTP pool (8) . In order to prevent the accumulation of 8-oxo-dGTP, cells encode a pyrophosphohydrolase, MutT/MTH1, which degrades the oxidized nucleotide (9) (10) (11) . Despite expression of MutT/MTH1, nucleotide pools can accumulate enough 8-oxo-dGTP to promote mutagenesis and drive cancer progression (12, 13) . 8-oxo-dGTP is capable of adopting either an anti or syn conformation and thus can base-pair with either cytosine (dC) or adenine (dA), respectively (14) (15) (16) (17) . As a consequence of this, 8-oxodGTP is frequently misincorporated opposite dA in vitro by several DNA polymerases (18) (19) (20) (21) (22) (23) (24) (25) . Thus, in vivo, incorporation of 8-oxo-dGMP can lead to an A to C transversion mutation if left unrepaired (9) . Conversely, 8-oxo-dGTP incorporation opposite dC can also eventually result in G to T tranversion mutations after subsequent replication (26) .
All cells have specialized repair systems to deal with DNA modifications, and the base excision repair (BER) pathway is the main mechanism for purging the genome of oxidative lesions such as 8-oxo-dG (27) . A specialized form of the BER pathway, initiated by the glycosylase MutY/MTYH, specifically recognizes and repairs 8-oxodG:dA mispairs by removing dA and replacing it with dC, enabling subsequent repair of the 8-oxo-dG lesion (28) (29) (30) (31) . However, no repair mechanism exists to cope with misincorporated 8-oxo-dGMP. Significantly, 8-oxo-dGMP misincorporation would lead to mutagenic repair by the MutY/MTYH-dependent BER pathway, directing removal of dA and not 8-oxo-dGMP. Thus, 8-oxo-dGMP misincorporation would unavoidably lead to mutagenesis, resulting an A to C transversion (26) .
Therefore, preventing misincorporation of 8-oxo-dGMP outright is crucial to avoid mutagenesis. In addition to the hydrolytic activity of MutT/MUTH1, discrimination against 8-oxo-dGTP by DNA polymerases is an important factor in the prevention of mutagenesis. Therefore, understanding the mechanistic basis of this discrimination is of significant interest. With the exception of the recent characterization of the interaction between DNA polymerase beta (Pol ␤) and 8-oxo-dGTP (32, 33) , there is a lack of structural information that might help explain how DNA polymerases avoid 8-oxo-dGTP-induced mutagenesis.
MATERIALS AND METHODS

Protein purification
The sequence corresponding to residues 242-575 of human Pol was previously cloned into the bacterial expression vector pET-22b (42) . Site-directed mutagenesis was performed on the Pol expression vector to generate the A510D, N513A and A510D/N513A mutants. WT, A510D, N513A and A510D/N513A Pol were subsequently expressed in the E. coli strain BL21-CodonPlus(DE3)-RIL and purified as described (42) .
Oligonucleotides for crystallography
Oligonucleotides used for the pre-catalytic ternary and post-catalytic nick complexes are shown in Supplementary Figure S1A and B respectively. Oligos were synthesized by solid-state synthesis methods using an automated DNA synthesizer. Oligos were subsequently purified by HPLC, ethanol precipitated and quantified by UV absorbance (A 260 ). P/T were annealed as previously described in 25 mM Tris-HCl pH 7.5 and 40 mM MgCl 2 .
Crystallization
Pre-catalytic ternary complexes were formed using an upstream primer (UP5), downstream primer containing a 5 -phosphate group (DP4), and template (T8-A) (Supplementary Figure S1A ). UP5, DP4 and T8-A (1:1:1) were heated to 80
• C for 10 min before slowly cooling to room temperature in 25 mM Tris-HCl pH 7.5 and 50 mM MgCl 2 . The resulting primer/templates (P/T) were mixed with WT Pol . However, due to the low melting temperature of DP-4 (16
• C), a second annealing step in the presence of protein was used to ensure the proper formation of a 1-nt gapped substrate. Accordingly, the mixture was heated to 15
• C for 5 min before slowly cooling to 4
• C to ensure proper annealing of DP4. ddCTP and 8-oxo-dGTP/dTTP were sequentially added to the mixture in order to generate a pre-catalytic ternary complex. The resulting mixture (100 l) contained 15 mM Tris-HCl pH 7.5, 75 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, P/T (0.5 mM), WT Pol (0.4 mM), 1 mM dd-CTP and 3 mM 8-oxo-dGTP/dTTP. Crystals containing 8-oxo-dGTP were formed using the hanging drop method by mixing 2 l of the protein/DNA solution containing DNA with 1 l of the reservoir solution containing 0.1 M sodium cacodylate trihydrate pH 7.4 and 1.9 M sodium acetate trihydrate. The crystal was transferred to a solution containing 0.1 M sodium cacodylate trihydrate pH 7.4 and 1.9 M sodium acetate trihydrate and 25% (w/v) glycerol and cryocooled in liquid nitrogen prior to data collection. dTTPcontaining crystals were formed as previously stated in solution containing 0.1 M sodium acetate trihydrate pH 4.6 and 2.0 M sodium formate. The crystal was transferred to a solution containing 0.1 M sodium acetate trihydrate pH 4.6 and 2.0 M sodium fomate and 25% w/v glycerol, harvested with a Mitegen MicroMount and cryo-cooled in liquid nitrogen prior to data collection.
Post-catalytic nick complexes were formed using an upstream primer (UP6), DP4 and template T8-A (Supplementary Figure S1B ). Pre-hybridized UP6, DP4 and T8-A were mixed with WT Pol as previously described. 8-Oxo-dGTP (4 mM) was subsequently added and the resulting mixture (100 l) was equilibrated for 60 min on ice in order to generate a post-catalytic nick complex. Crystals containing 8-oxo-dGMP were grown using the hanging drop method by mixing 1 l of the protein/DNA solution containing DNA with 1 l of the reservoir solution containing 0.1 M sodium citrate pH 5.6 and 1 M ammonium phosphate. The crystal was transferred to a solution containing 0.1 M sodium citrate pH 5.6, 1.2 M ammonium phosphate and 30% (w/v) glycerol, harvested with a Mitegen MicroMount and cryocooled in liquid nitrogen prior to data collection.
X-ray data collection and structure determination
Diffraction data were collected on beamline X25 of the National Synchrotron Light Source at Brookhaven National Laboratory for the dTTP pre-catalytic complex and the 8-oxo-dGTP post-catalytic complex, and on beamline 5.0.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory for the 8-oxo-dGTP post-catalytic complex. All datasets were collected at 100 K using a wavelength of 1.0Å. Diffraction data were processed using XDS (43) and Aimless (44) as implemented in the autoPROC pipeline Nucleic Acids Research, 2015, Vol. 43, No. 16 8091 (45) . Phases were obtained by molecular replacement using Phaser (46) ; search models for the pre-and post-catalytic complexes were created from 1XSN (47) and 1XSP (47), respectively. Model building was carried out in Coot (48) , followed by refinement in Phenix (49), Refmac (50) and BUSTER (51) . Diffraction data for the dTTP pre-catalytic complex were strongly anisotropic, with resolution limits (defined by CC 1/2 and I/σ I (44,52) of 2.4Å in a* and c* reciprocal space directions, but only 2.9Å along the b* direction. For this reason, an ellipsoidal truncation was carried out using the Anisotropy Diffraction Server (53) . Briefly, data were truncated that fell outside an ellipse centered at the reciprocal lattice origin and having vertices at 1/2.4, 1/2.9, and 1/2.4Å along a*, b*, and c* axes, respectively. Isotropy was approximated by applying a negative scale factor along b* (−16.8Å
2 ) with no correction along a* or c*. These anisotropically scaled data then were used for refinement. In all three structures a small region of the protein surface, far removed from the active site (Loop 3) was disordered. The geometric quality of the refined models was assessed with MolProbity (54) and the structure validation tools in the Phenix suite. Data collection and refinement statistics are shown in Supplementary Table S1 .
In order to facilitate more precise structural comparisons, a statistical analysis of atomic coordinate accuracy was carried out using SFCHECK (55) . Following the method of Cruickshank (56) , the standard deviation of the atomic coordinates can be derived from the properties of the electrondensity map:
where σ (slope) and curvature are the standard deviation of the slope and curvature of the electron density map at the atomic center. The curvature is approximated by:
where a is the unit-cell length and h is the Miller index (57, 58) . The maximal expected coordinate error is calculated by expressing σ (slope) as a function of the difference between F obs and F calc
For any missing reflections, the program uses the average value of σ (F) for the corresponding resolution shell instead of (F obs -F calc ). The expected minimal coordinate error is estimated using the experimental σ (F) instead of the difference between the observed and calculated structure factors. In this case σ (slope) is computed as
If there is no value for an observed structure factor, the program uses = 0.04F obs as the default value, which is roughly the error magnitude usually encountered. The both minimal and maximal estimated errors were calculated to account for the fact that the local quality of the electron density will amost always vary across different regions of a given crystal structure. These values are listed in Supplementary Table S2 .
Oligonucleotides for steady-state primer extension assays
Oligonucleotides used for steady-state primer extension assays were obtained from Invitrogen and are shown in Supplementary Figure S1C and 1D. Oligos were purified by HPLC and polyacrylamide gel-electrophoresis (PAGE), quantified by UV absorbance (A 260 ), and heated to 80
• C for 10 min before slowly cooling to room temperature overnight in 20 mM Tris-HCl pH 7.5 and 150 mM MgCl 2 . Reaction mixtures (20 l) were quenched by the addition of 95% (v/v) formamide, 10 mM EDTA, 0.001% xylene cyanol, 0.001% bromophenol blue (10 l). Extended primers were separated by denaturing (8 M urea) 18% (v/v) PAGE. The fluorescence intensity of the bands was quantified using a Typhoon FLA 9000 imager and ImageQuant software.
Steady-state primer extension assays
Kinetic analysis of primer extension assays
The observed rate of nucleotide incorporation (extended primer) was plotted as a function of nucleotide concentration. Steady-state kinetic parameters, V max and K M , were determined by fitting the data to the Michaelis-Menten
. k cat was determined with the equation:
RESULTS AND DISCUSSION
Pre-catalytic structure of Pol with an incoming 8-oxodGTP
In order to understand how 8-oxo-dGTP is misincorporated into DNA, we decided to solve a structure of Pol in complex with an incoming 8-oxo-dGTP in a precatalytic state. Thus, we crystallized Pol with a 1-nt gapped, dideoxy-terminated DNA substrate and an incoming 8-oxo-dGTP ( Figure S1A ). We obtained crystals that diffracted to a resolution of 1.95Å. We were able to solve the structure using molecular replacement, and subsequent refinement converged to an R work and R free of 0.1999 and Table S1 ). The electron density was of sufficient quality to build protein residues 252-575 and all DNA bases, including the incoming 8-oxodGTP. Inspection of the structure immediately reveals that, as expected, 8-oxo-dGTP is bound in the active site ( Figure  1A) . A Mg 2+ atom is present in the dNTP-binding metal (B) site. However, a water molecule is occupying the site of the catalytic metal (A), consistent with the absence of the 3 OH group from the nucleotide at the primer terminus (47) (Figure 1A) .
respectively (Supplementary
The density for the 8-oxo-dGTP residue is of high quality, and the C8 carbonyl is clearly observed ( Figure 1B) . The structure indicates that the incoming 8-oxo-dGTP adopts a syn-conformation and forms a Hoogsteen base-pair with the templating adenine base. Hydrogen-bonds are established between N6 of the adenine and O6 of the guanine (3.0Å) and N1 of the adenine and N7 of the guanine (2.9 A). An intramolecular hydrogen-bond between the N2 and a non-bridging oxygen on the ␣-phosphate of 8-oxo-dGTP may stabilize the syn-conformation. These interactions and the geometry of 8-oxo-dGTP in the active site of Pol are consistent with the conformation observed in existing structures of Pol ␤ in complex with 8-oxo-dGTP (32, 33) .
Interestingly, the geometry of the 8-oxo-dGTP:dA mispair differs from a canonical Watson-Crick base-pair. The R angle for 8-oxo-dGTP is 44.3
• which is consistent with the syn-conformation of the base in other reported structures (Pol ␤ -44.2
• ) (32, 33) . However, this differs from that of a dGMPCPP:dC base-pair (54.2
• ) (59). The ␥ angle for dA is 55.7
• and is consistent with an ddTTP:dA base-pair (1XSN) (47) . This is in agreement with the idea that 8-oxodG adopts an alternate conformation in order to mispair with an adenosine (15, 16) . Also, the C1 -C1 width of the mispair is 10.7 ± 0.015-0.091Å (where 0.015 and 0.091Å correspond to the minimum and maximum estimated errors respectively, Supplementary Table S2) which is larger than for a dTTP:dA base-pair (10.5 ± 0.021-0.094Å, Supplementary Table S2 ). Interestingly, this larger base pair width appears to be correlated with the presence of a mispair in the active site in Pol (dGMPCPP:dT, 10.8Å) (59) . However, despite these distortions, Pol can accommodate the 8-oxo-dGTP:dA mispair in the active site without any major conformational rearrangements, as evidenced by the small RMSD between our structure and a reference pre-catalytic complex containing a ddTTP:dA base-pair in the active site (1XSN, RMSD of 0.320Å over 261 C␣ atoms) (47).
Post-catalytic structure of Pol with incorporated 8-oxodGMP
The absence of large-scale subdomain conformational motions during catalysis in Pol implies that completion of the nucleotidyl transfer reaction and advancement from precatalytic to the post-catalytic complex involves no significant conformational changes, other than stereochemical inversion of the ␣-phosphate (47). We therefore took advantage of this fact in order to determine whether our structure indeed represents a catalytically relevant conformation of 8-oxo-dGTP. We decided to crystallize a post-catalytic complex of Pol with a nicked DNA substrate containing an 8-oxo-dG moiety at the primer terminus (Figure 2A ). The crystals of the post-catalytic complex diffracted to a resolution of 2.15Å. The structure was solved by molecular replacement, and refinement converged to an R work and R free of 0.2144 and 0.2450, respectively (Supplementary Table  S1 ). The electron density was of sufficient quality to build protein residues 251-575 and all DNA bases, including the incorporated 8-oxo-dGMP.
The post-catalytic structure contains both products of the phosphoryl transfer reaction (47) . In the structure, 8-oxo-dGTP has been turned over, and the incorporated 8-oxo-dGMP maintains the syn-conformation. However, the pyrophosphate released by the reaction has diffused away from the active site and has been replaced by a citrate ion. Citrate is present in high concentration in the crystallization buffer and mimics the conformation of pyrophosphate in other post-catalytic structures (47) . Additionally, the citrate is coordinating a Na + ion that is present in the metal B site (Figure 2A) . The metal A is absent in the structure, consistent with the notion that it dissociates after nucleotide incorporation (47) . Superimposition of the pre-and postcatalytic structures reveals that both complexes adopt similar conformations (RMSD of 0.238Å over 236 C␣ atoms). Furthermore, the geometry of all active site atoms is conserved ( Figure 2B ). This confirms that the conformations seen in our structures are catalytically relevant.
8-Oxo-dGTP is stabilized by numerous interactions
Close inspection of the dNTP binding pocket reveals five residues that interact with 8-oxo-dGTP (Supplementary Figure S2) . Three residues form hydrogen-bonding interactions with non-bridging phosphate oxygen atoms in the incoming nucleotide. Arg 386 forms a bidentate hydrogenbond (3.0 and 3.2Å) with the ␥ -phosphate while Ser 417 and Arg 420 each form a hydrogen-bond with the ␥ -phosphate (2.6Å) and the ␤-phosphate (3.0Å), respectively. Together, these three residues form the phosphate-binding pocket for the incoming nucleotide. However, these interactions are unlikely to confer specificity, since they are established irrespective of the identity of the incoming nucleotide.
Ala 510 provides a Van der Waals stacking interaction with the oxidized nucleobase ( Figure 3A ). This interaction is analogous to what is observed in a complex with undamaged substrates, and is thought to be responsible for the high dNTP binding affinity of Pol (60) . It is however conceivable that the strength of the Ala 510 interaction depends on the identity of the incoming dNTP. Consistent with this idea, Ala 510 was shown to help discriminate against incorrect nucleotide binding (61) . Thus, Pol may rely on Ala 510 to probe for proper nascent base-pair geometry of 8-oxodGTP.
In addition to Ala 510 , another residue recognizes a unique structural characteristic of 8-oxo-dGTP. Asn 513 forms a hydrogen-bonding interaction (3.1Å) with the C8-carbonyl of 8-oxo-dGTP ( Figure 3B ). In the Pol active site, Asn 513 establishes a sequence independent hydrogen-bond with the O2/N3 hydrogen-bond acceptors in the minor groove of the incoming nucleotide (42) . These types of minor groove interactions are thought to be crucial to the ability of DNA polymerases to discriminate against non-WatsonCrick base pairs and thus promote fidelity of synthesis (62, 63) . Similar to what is observed with 8-oxo-dG in the active site of different polymerases (64-67), 8-oxo-dGTP may hijack this fidelity checkpoint mechanism in order to stabilize syn-dependent misincorporation. The O8 of 8-oxodGTP (syn) in the DNA minor groove is in a position similar to that of O2 of dTTP for a canonical Watson-Crick base-pair. This suggests that Asn 513 stabilizes the lesion in the syn-conformation and thus mediates misincorporation opposite dA. Asn 513 is conserved in another family X DNA polymerase, human Pol ␤, where it plays a critical role in facilitating incorporation of 8-oxo-dGMP opposite template dA (19, 32, 33) . Our structural data suggest that this residue could play a similar role in Pol .
Steady-state kinetic analysis of the relevance of Ala 510 for 8-oxo-dGTP incorporation
As mentioned above, our structural results reveal that 8-oxo-dGTP is stabilized by two specific interactions. One of these, Ala 510 , provides a Van der Waals stacking interaction with the nucleobase of 8-oxo-dGTP. Interestingly, Ala 510 in Pol is replaced by an aspartic acid in Pol ␤ (Asp 276 ), which is believed to restrict dNTP binding (68, 69) . Thus, to further characterize the role of Ala 510 on 8-oxo-dGTP misincorporation in Pol , we constructed an A510D active-site substitution and performed a steady-state kinetic analysis.
Previous data had determined the catalytic efficiency of incorporation of 8-oxo-dGMP opposite dA and dC (23) . However, these studies lacked a comparison to dTMP incorporation. This is relevant, since 8-oxo-dGMP competes with dTTP for binding opposite a templating dA, and thus the relative incorporation efficiency of the two nucleotides ultimately determines the mutagenic potential of 8-oxodGTP in vivo. In order to avoid possible sequence-related effects, the core sequence of the P/T used was identical to that of the oligos used for crystallography (Supplementary Figure S1C and 1D ). Using these substrates we determined the kinetic parameters [k cat and K m(app) ] and catalytic efficiencies [k cat /K m(app) ] for both WT and A510D Pol (Table 1).
A comparison of the catalytic efficiencies for WT Pol revealed a 150-fold difference between dGMP and 8-oxodGMP incorporation opposite dC. Conversely, incorporation of 8-oxo-dGMP was only 13-fold less efficient than dTMP opposite dA. The relatively small difference in catalytic efficiencies for 8-oxo-dGMP and dTMP incorporation opposite dA highlights the mutagenic potential of this lesion. Furthermore, comparison of the dA/dC selectivity for 8-oxo-dGTP also revealed that the pro-mutagenic synconformation is preferred in WT Pol (5:1).
Interestingly, the A510D substitution had a differential effect on all nucleotides tested. With respect to WT protein, dTTP and 8-oxodGTP incorporation opposite dA was reduced by 4.8-fold ( Figure 3C ) and 5.1-fold ( Figure 3D ), respectively. This suggests that the A510D substitution may affect 8-oxo-dGTP(syn) in a similar manner to dTTP. However, the same does not hold true for dGTP/8-oxo-dGTP opposite dC. Notably, the A510D substitution had the largest effect on the incorporation of 8-oxo-dGTP opposite dC (7.6-fold, Figure 3E ) as opposed to dGTP (2.8-fold, Figure 3F ). This suggests that Ala 510 may preferentially stabilize the anti-conformation of 8-oxo-dGTP, promoting its incorporation opposite dC. Accordingly, Ala 510 may enhance the ability of Pol to incorporation 8-oxo-dGMP opposite dC, which could ultimately increase the frequency of G to T tranversion mutations (26) .
Steady state kinetic analysis of the relevance of Asn 513 on 8-oxo-dGTP incorporation
In addition to Ala 510 , Asn 513 also makes a specific interaction with the oxidized nucleobase. To characterize the role of Asn 513 on 8-oxo-dGTP misincorporation in Pol , we generated a N513A active-site substitution. Steady-state kinetic parameters [k cat and K m(app) ] and catalytic efficiencies [k cat /K m(app) ] for dTTP/8-oxo-dGTP incorporation opposite dA and dGTP/8-oxo-dGTP opposite dC were determined using N513A Pol (Table 1) . Given the importance of Asn 513 during normal polymerization, the N513A substitution expectedly affected the catalytic efficiency for all nucleotides tested. Interestingly, similar to what was observed with Ala 510 , the effects were differential for all nucleotides tested. With respect to the WT protein, the catalytic efficiency for dTTP decreased by 5.8-fold ( Figure 3C ) in N513A Pol . However, the N513A substitution resulted in a much more drastic effect in the context of 8-oxo-dGMP incorporation opposite dA (25-fold, Figure 3D) . Also, the catalytic efficiencies of dGMP and 8-oxo-dGMP incorporation opposite dC were reduced by 1.3 ( Figure 3E ) and 6.4-fold ( Figure 3F ) respectively. Taken together, these results suggest that Asn 513 plays an important role in facilitating 8-oxo-dGMP incorporation opposite dA, implying that this residue selectively stabilizes the syn-conformation of 8-oxodGTP.
Our results suggest that dNTP binding by Pol is influenced by multiple amino acid residues. Moreover, both Ala 510 and Asn 513 appear to play critical roles for anti/syndiscrimination. To examine if these residues behave individually or cooperatively, we created a A510D/N513A double substitution (Table 1, Figure 3C-F) . As expected, the effects of both substitutions synergistically impacted all nucleotides tested. Interestingly, the drop in catalytic efficiency was nearly identical for 8-oxo-dGMP incorporation opposite dA and dC. This is consistent with the opposite effects of Ala 510 and Asn 513 , facilitating incorporation of the antiand syn-conformations, respectively. 
Structural features in Pol discourage 8-oxo-dGTP misincorporation
Although the 8-oxo-dGTP:dA mispair is tolerated in the active site of Pol , kinetic analysis indicates that the insertion efficiency is reduced relative to that of a Watson-Crick basepair (Table 1) . In order to determine the structural features discouraging incorporation of 8-oxo-dGTP we crystallized Pol in complex with undamaged DNA in the exact same sequence context (Supplementary Table S1 ). We rationalized that this would provide a more accurate basis for comparison to the 8-oxo-dGTP containing structure, since existing structural models either lacked a 3 -OH on the incoming nucleotide (1XSN) (47), or used a non-hydrolyzable dNTP analog to trap the ternary complex (2PFO) (70) . The crystals diffracted with strong anisotropy, to a resolution limit of 2.4Å in a* and c* reciprocal space directions, but only 2.9Å along the b* direction. For this reason, an anisotropic correction was carried out using the Anisotropy Diffraction Server [PMID: 24203335]. The structure was solved with molecular replacement and the model was refined to convergence (R work /R free : 0.1874/0.2358). The electron density was of sufficient quality to build protein residues 252-575 and all DNA bases, including the incoming dTTP. Comparing our precatalytic structure for 8-oxo-dGMP incorporation with this structure indicates that the overall fold of the polymerase is conserved (RMSD of 0.418 over 289 C␣ atoms). However, closer inspection of the active site reveals some important differences. First, the 8-oxo-dGTP does not appear to stack as well as dTTP with the base at the primer terminus ( Figure 4A ). In an attempt to maximize this stacking interaction and accommodate 8-oxo-dGTP in the active site, the templating adenine shifts 0.3Å away from the incoming nucleotide ( Figure 4B ). The direct consequence of this distortion places the templating base 0.4 A away from the minor groove interacting residue, Arg 517 ( Figure 4B) . Arg 517 plays an important role interrogating the nascent base-pair conformation. This residue forms a hydrogenbond with the templating base and adopts a base-pair checking conformation in response to dNTP binding (47) . This mechanism appears to be critical for fidelity of synthesis in family X polymerases. Consistently, substitution of Arg 517 in Pol sharply decreases the fidelity of the polymerase as well as the catalytic efficiency of dNTP incorpo-ration (61) . Similarly, even subtle alterations of this residue in Pol ␤ result in substantial reduction in the catalytic efficiency (71) . Thus, repositioning of the templating adenosine away from Arg 517 as observed in our structure would likely cause a loss of insertion efficiency. This provides a structural explanation for the decreased incorporation efficiency observed in our kinetic analysis (Table 1) .
Ala 510 and Asn 513 influence the purine/pyrimidine balance in Pol
While Asn 513 enhances 8-oxo-dGTP incorporation in Pol , this residue also had a differential effect on dTTP and dGTP incorporaton. Steady-state kinetic analysis demonstrated that the catalytic efficiency for dTTP incorporation by N513A Pol was 5.8-fold ( Figure 3C ) lower than WT, whereas the decrease observed in the case of dGTP incorporation was just 1.3-fold ( Figure 3E) . Interestingly, the equivalent residue in the family X DNA polymerase from the heat-stable organism T. thermophilus (TthPolX) appears to also influence the balance of purine/pyrimidine incorporation (72) . Asn 513 appears to play a similar role in balancing the purine/pyrimidine bias in Pol .
Strikingly, Ala 510 also appears to have a greater effect on pyrimidines than purines. A510D substitution results in a 4.8-fold ( Figure 3C ) decrease in catalytic efficiency for dTTP incorporation but only a 2.8-fold ( Figure 3E ) decrease for dGTP. In agreement with these results, the A510D/N513A double mutant displays a clear synergistic effect. The double substitution affects dTTP incorporation to a far greater extent (52-fold, Figure 3C ) than dGTP (7.3-fold, Figure 3E ), demonstrating that both residues contribute to balancing purine/pyrimidine incorporation in Pol . This indicates that residues in addition to Asn 513 are important to achieve the correct purine/pyrimidine balance.
CONCLUSION
The free nucleotide pool is susceptible to oxidative damage (73) . To cope with this oxidative burden, cells encode an enzyme (MutT/MTH1) to sanitize the nucleotide pools by degrading oxidized nucleotides such as 8-oxo-dGTP (10, 11) . Despite the presence of this protein, residual 8-oxo-dGTP is still capable of promoting mutagenesis (8, 12, 13) . As a result, DNA polymerases such as Pol may encounter and incorporate this oxidized nucleotide, ultimately leading to mutagenesis.
The structural and kinetic studies presented here reveal how 8-oxo-dGTP evades fidelity checkpoint mechanisms in Pol . Active site residues Ala 510 and Asn 513 establish critical interactions that help stabilize the incoming nucleotide during polymerization. Asn 513 forms a minor groove interaction with the incoming nucleotide. While this interaction is used to ensure that a base-pair with the proper geometry is formed in the active site of the polymerase (42, 47) , this mechanism is co-opted by 8-oxo-dGTP and appears to drive its mutagenic incorporation opposite dA. Asn 513 is capable of forming a hydrogen-bond with the C8-carbonyl of 8-oxo-dGTP, thereby stabilizing the oxidized nucleotide in a syn-conformation. Consistently, substitution of asparagine to an alanine eliminates the stabilizing hydrogen-bond and results in a 25-fold reduction in the catalytic efficiency for 8-oxo-dGTP misincorporation opposite dA. Conversely, the N513A substitution has only a minor effect on dTTP incorporation opposite dA (5.8-fold). Thus, Asn 513 appears to selectively facilitate 8-oxo-dGMP misincorporation.
Asn 513 is also conserved in another family X DNA polymerase, Pol ␤ (Asn 279 ). Accordingly, Asn 279 also appears to play a role mediating 8-oxo-dGTP-induced mutagenesis. Strikingly, in comparison to Pol ␤ (1000-fold), the effects of Asn 513 on 8-oxo-dGMP misincorporation in Pol are far less pronounced (25-fold) (19) . This implies that minor groove interactions are less critical to stabilize 8-oxo-dGTP in a syn-conformation in the Pol active site. The lesser relative importance of Asn 513 with respect to Asn 279 is perhaps owed to the differential interactions established by Pol with the incoming nucleotide. Pol has a higher binding affinity for nucleotides than Pol ␤ (60), which is thought to be largely the result of a Van der Waals contact established between Ala 510 and the incoming nucleobase. Conversely, the equivalent residue in Pol ␤, Asp 276 , is believed to restrict dNTP binding (68, 69) .
Our results demonstrate that Ala 510 substitution differentially affects incorporation of the nucleotides tested. This implies that Ala 510 establishes distinct interactions with each nucleotide and therefore is unequally responsible for their stability in the active site. While an A510D substitution had an nearly equivalent effect on both dTTP (4.8-fold) and 8-oxo-dGTP(syn) (5.1-fold), one consequence of this behavior is that substitution of Ala 510 selectively impacts 8-oxo-dGTP misincorporation opposite dC. Substitution of Ala 510 to aspartic acid results in a greater effect on 8-oxo-dGMP incorporation (7.6-fold) opposite dC than dGMP (2.8-fold). This may be due to an unfavorable electrostatic interaction between the side chain and the C8-carbonyl of the nucleotide. As a consequence, Ala 510 selectively enhances the incorporation of 8-oxo-dGMP opposite dC. These results are consistent with the increased propensity of 8-oxo-dGTP incorporation opposite dA relative to dC by Pol (5:1) in comparison to Pol ␤ (24:1) (19, 23) . Furthermore, this implies that Pol may be more susceptible to G to T transversion mutations induced by 8-oxo-dGMP incorporation opposite dC than Pol ␤.
Curiously, the effects of Ala 510 and Asn 513 on normal nucleotide incorporation appear to have a more pronounced effect on dTMP than dGMP incorporation. The A510D substitution results in a greater effect for dTTP (4.8-fold) incorporation than dGTP (2.8-fold). Likewise, a N513A substitution has a more prominent effect on dTTP (5.8-fold) incorporation than dGTP (1.3-fold). Interestingly, the family X DNA polymerase from the heat-stable organism T. thermophilus, TthPolX, contains a serine in the equivalent position of Asn 513 . The lack of the asparagine in TthPolX restricts the error-prone insertion of 8-oxo-dGTP opposite dA by 10-fold (72) . This is thought to be an adaptation to the higher levels of 8-oxo-dGTP in the dNTP pool expected at high temperatures. However, the absence of an asparagine residue at this position results in an imbalance in the efficiency of incorporation of purine and pyrimidine nucleotides (72) , suggesting that acquiring an asparagine at this position is important for fidelity of incorporation when dealing with undamaged substrates. Ac-cordingly, Asn 513 appears to play a role in improving the purine/pyrimidine balance in Pol . Furthermore, our results demonstrate that Ala 510 is also important for reducing the purine/pyrimindine bias. Owing to their larger surface area, purines have more stable base-stacking interactions than pyrimidines. Thus, direct interactions with the nucleobase appear to be relatively more important to stabilize the smaller pyrimidines. In that context, the energetics of the Ala 510 interaction are likely to depend on the identity of the incoming nucleotide. At the same time, the hydrogen bond established by Asn 513 appears to be critical to properly orient the incoming base. Thus, altering the Asn 513 interaction in turn affects the Van der Waals contacts established by Ala 510 . Accordingly, the effect of the double substitution on 8-oxo-dGMP/dTMP incorporation opposite dA is markedly different than the product of both individual single substitutions.
In all DNA polymerases, interactions with the incoming dNTP are essential for catalysis and selectivity. In the Pol active site, Ala 510 and Asn 513 cooperate to stabilize the incoming nucleotide. Our results highlight that dNTP binding involves multiple interactions and the relative importance of each interaction depends on the specific base being incorporated. Both Ala 510 and Asn 513 influence 8-oxo-dGMP incorporation as well as the balance between purine/pyrimidine incorporation. Thus, the increased catalytic efficiency of incorporation of undamaged nucleotides and purine/pyrimidine balance conferred by these residues comes thus at the price of an increased mutagenic risk in the presence of a significant pool of 8-oxo-dGTP. The described structures and kinetic results provide a framework for understanding 8-oxo-dGTP incorporation by DNA polymerases, and specifically in the context of the Pol active site. These new structural insights into the catalytic cycle for 8-oxo-dGTP incorporation by Pol will contribute to our understanding of the mutagenic potential of oxidized nucleotide pools, and the mechanisms by which DNA polymerases cope with and discriminate against these mutagenic events.
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